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INTRODUCTION
Synthetic pyrethroid insecticides have been de-
veloped for major uses in agriculture and public 
health. Modern synthetic pyrethroids are exception-
ally active against many insects yet are safe to mam-
mals and birds [l–5]. Perhaps the biggest hindrance 
to a wider role of pyrethroids in agriculture is their 
extreme toxicity to aquatic organisms [6]. Numerous 
reports indicate that aquatic insects are highly sensi-
tive to pyrethroid poisoning, based on the extremely 
low concentrations (often < 1 μg/L) that produce 
toxic effects [7–9]. However, all of these accounts 
concern acute toxicity tests in which the insects are 
exposed to insecticides diluted in water with toxic-
ity expressed as lethal concentration. Toxicity test-
ing of aquatic organisms is limited by a lack of in-
formation on the body toxicant concentration at the 
biological response end point in question [10–12]. 
Aquatic organisms are exposed to toxicants in water 
and to chemicals complexed with food, particulates, 
and dissolved organic material. Estimating dose to 
the animal therefore presents a difficult challenge 
[12]. Because of the inherent difficulties in determin-
ing a lethal dose of insecticide for aquatic insects, it 
has not been possible to compare susceptibility of 
aquatic insects to that of other organisms. In addi-
tion, there is some indication that different aquatic 
insects vary considerably in their response to insec-
ticides, based on static exposure tests [7], but com-
parisons of toxicity based on insecticide doses have 
thus far not been possible. 
This study was conducted to determine the rela-
tive toxicity of pyrethroid insecticides (permethrin, 
cypermethrin, and bifenthrin) and one organophos-
phate (chlorpyrifos) to a variety of aquatic and terres-
trial insects. Because most aquatic insects can survive 
for extended periods (up to 48 h) in the absence wa-
ter (personal observation), bioassays were conducted 
by topical application and treated insects were main-
tained out of water to prevent the insecticide from be-
ing washed off into the surrounding medium, thus al-
lowing LD50s to be calculated on the basis of dose 
per body weight so that comparisons of toxicity be-
tween aquatic and terrestrial insects could be made. 
MATERIALS AND METHODS
Chemicals
Three pyrethroid and one organophosphate insec-
ticide were bioassayed against terrestrial and aquatic 
insects. Technical-grade permethrin (96% purity) and 
bifenthrin (94% purity) were supplied by the FMC 
Corp. (Princeton, NJ). Technical-grade chlorpyrifos 
(99% purity) was obtained from Dow Chemical Co. 
(Midland, MI). Technical-grade cypermethrin (99.4% 
purity) was purchased as an analytical standard from 
Crescent Chemical Co. (Hauppauge, NY). 
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Insects
Five taxa of aquatic insects were chosen for bio-
assay of pyrethroid insecticides. Insects were chosen 
for inclusion in this work on the basis of autecolo-
gies (i.e., free swimming vs. attached, predators vs. 
scavengers, those that derive oxygen from water vs. 
those that derive oxygen from air). Additional crite-
ria for selection included availability, synchronicity 
of life cycle, and size, in order to minimize variabil-
ity in response of the tested populations and to ob-
tain insects large enough to allow topical application 
of insecticide. Collection site, taxonomic status, and 
developmental stage or size for the five groups are 
listed in Table 1. Because most of the tested aquatic 
insects represent a mixture of species, identifications 
to the family or generic level have been assigned. 
For purposes of analysis, each group was treated as 
a single taxon. 
Aquatic insects were collected from the field and 
returned to the laboratory in petri dishes contain-
ing water obtained from the collection site. The in-
sects were then refrigerated at 4°C within collection 
dishes and maintained for up to 72 h without signif-
icant mortality, eliminating the need for feeding and 
long-term maintenance. The colder temperatures 
were used for maintenance because survival at room 
temperature was drastically reduced compared to in-
sects maintained at 4°C. 
In addition to the aquatic species, three terrestrial 
insects were bioassayed for comparative purposes. 
Third-instar housefly, Musca domestica L., larvae 
were obtained from a laboratory colony maintained 
by the U.S. Department of Agriculture (USDA) 
Livestock Research Lab at the University of Ne-
braska–Lincoln. Convergent lady beetle, Hippoda-
mia convergens Guerin-Meneville, adults were pur-
chased from Ward Natural Sciences Establishment 
Inc. (Rochester, NY), European corn borer, Ostrinia 
nubilalis (Hubner), were purchased as third-instar 
larvae from French Agricultural Research (Lamber-
ton, MN). 
Bioassays
Bioassays of both terrestrial and aquatic insects 
were conducted by topical application of insecticide 
diluted in acetone (0.5 μl) to the ventral abdomen of 
each insect. After treatment, the insects were held in 
disposable plastic petri dishes (10-cm diam. × 1-cm 
height) lined with moistened filter paper (Whatman, 
Clifton, NJ) at 20°C without light. Mortality was as-
sessed by the inability of treated insects to respond 
to probing with a dissecting needle and was recorded 
24 h after treatment. Experimental mortality was 
corrected for control mortality in which insects were 
treated with acetone only. Control mortality was 
<10%, except for black flies, which exhibited 17% 
mortality, and mayflies, which exhibited 18% mor-
tality in controls. LD50s were calculated as dose of 
a.i. insecticide per milligram body weight. To obtain 
mean body weights, individual insects were blotted 
dry on paper towels and weighed. Samples of 30 in-
sects were weighed for each bioassay. 
In addition to the topical bioassays, static bio-
assays of insecticides diluted in water were con-
ducted. Each compound was diluted in 15 ml dis-
tilled water, and groups of five or 10 insects 
exposed in glass petri dishes (5-cm diam. × 1-cm 
height). Mortality was recorded after 24 h and cor-
rected for control mortality, in which insects were 
exposed to distilled water only. Control mortality 
was <10%, except for black flies, which exhibited 
14% mortality, and mayflies, which exhibited 16% 
mortality, in controls. All bioassays were conducted 
at 20°C in the absence of light. 
Table 1. Aquatic insects chosen for insecticide bioassays 
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Bioassays for both exposure methods consisted 
of at least three insecticide concentrations or doses 
giving mortality >0 and <100%, and each experi-
ment was replicated at least three times. LD50s and 
LC50s were determined by probit analysis adapted 
for personal computer use [13]. 
RESULTS
Results of topical bioassays for terrestrial and 
aquatic insects appear in Table 2. Data are also pre-
sented in Figure 1 for visual comparisons. The gen-
eral trend of toxicity of the four compounds across 
taxa was bifenthrin = cypermethrin > permethrin ≥ 
chlorpyrifos. For all compounds, LD50 values were 
generally higher for the terrestrial insects, although 
there were some notable exceptions. For the three 
pyrethroid insecticides, European corn borer was 
as susceptible as most of the aquatic insects. Of the 
aquatic insects, water scavenger beetles exhibited 
susceptibility similar to that of the terrestrial insects. 
Mayflies and damselflies were the most suscepti-
ble to all tested insecticides. For all the terrestrial 
insects, cypermethrin and bifenthrin were the most 
toxic of the four tested compounds. In contrast to the 
terrestrial insects, the pattern of toxicity was much 
less consistent in the aquatic insects. Generally, bi-
fenthrin and cypermethrin were again the most toxic 
of the tested compounds, but the level of difference 
among the four compounds was less than that ob-
served for terrestrial insects. 
Table 2. Relative toxicity of topically applied chlorpyrifos, permethrin, cyperme-
thrin, and bifenthrin to selected aquatic and terrestrial insects 
a Nanograms a.i. per milligram body weight; mortality assessed 24 h after 
application. 
b 95% confidence limit. 
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LC50 values obtained by static bioassays of in-
secticide diluted in water appear in Table 3 and Fig-
ure 2. In all cases, chlorpyrifos was the least toxic of 
the tested compounds, with LC50 values significantly 
higher than any of the three pyrethroid insecticides, 
based on nonoverlapping 95% confidence limits. As 
noted for the topical bioassays, cypermethrin and bi-
fenthrin were generally more toxic than permethrin. 
Figure 1. Comparative toxicity of chlorpyrifos, permethrin, cypermethrin, and bifenthrin by topical applica-
tion to selected aquatic and terrestrial insects (aquatic insects: BF =black fly, CF = caddisfly, MF =mayfly, DF 
=damselfly, DB = water scavenger beetle; terrestrial insects: ECB = European corn borer, HF = housefly, LB = 
convergent lady beetle). 
Figure 2. Comparative toxicity of chlorpyrifos, permethrin, cypermethrin, and bifenthrin to selected aquatic in-
sects by static exposure to insecticide diluted in water (BF = black fly, CF = caddisfly, MF = mayfly, DF = dam-
selfly, DB = water scavenger beetle). 
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Levels of toxicity were similar for all taxa of aquatic 
insects and in the range of toxicity reported for other 
aquatic insects [7,8], except the water scavenger bee-
tle, which was five to 10 times less susceptible to all 
four compounds than the other insects. 
DISCUSSION
The results of this investigation are the first re-
port of LD50 values for aquatic insects that allow 
comparisons of toxicity between insects living in 
and out of an aquatic environment. The results of 
these comparisons indicate that susceptibility to in-
secticides is related to habitat and that aquatic in-
sects are generally more susceptible to all the com-
pounds, with the exception of the water scavenger 
beetle, which exhibited susceptibilities equal to or 
greater than those of the terrestrial species. This in-
sect is perhaps more similar to the terrestrial insects, 
however, because it derives oxygen from the atmo-
sphere. Adult scavenger beetles must return to the 
surface of the water periodically to replenish a bub-
ble of air that provides oxygen during periods when 
they remain submerged. 
For both terrestrial and aquatic insects, cyperme-
thrin and bifenthrin were generally the most toxic of 
the tested compounds. The higher toxicity of the α-
cyano-substituted pyrethroids (cypermethrin and bi-
fenthrin) has been observed previously for both ter-
restrial and aquatic insects and may be related to 
increased stability to detoxification enzymes such as 
oxidases and hydrolases [8,14]. However, the level 
of differences between aquatic and terrestrial insects 
in susceptibility to topically applied insecticides was 
not as great as might be expected, given the extreme 
toxicities reported for aquatic insects when exposed 
to insecticide diluted in water. In addition, the con-
ditions used to maintain insects during topical bio-
assays may have imposed a great deal of stress and 
resulted in increased susceptibility. Therefore, differ-
ences in toxicity between terrestrial and aquatic in-
sects may be even less than estimated by topical ap-
plication procedures. 
The factors responsible for the extreme sensi-
tivity of aquatic insects to pyrethroid insecticides 
diluted in water remain largely unknown. A poten-
tial contributing factor may be related to disruption 
of ionic balance [6], as pyrethroid insecticides have 
been shown to inhibit ATPase enzymes involved in 
movement of ions against concentration gradients 
[15]. Because freshwater aquatic organisms live in 
an extremely dilute environment, the processes in-
volved in maintaining ionic balance and osmoregu-
lation are critical to the maintenance of homeostasis. 
The processes whereby aquatic organisms maintain 
Table 3. Toxicity of chlorpyrifos, permethrin, cypermethrin, and bifenthrin to se-
lected aquatic insects by static exposure to insecticides diluted in water 
a Micrograms a.i. per liter of water; mortality assessed after 24 h of exposure. 
b 95% confidence limit.
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high cellular concentrations of ions against a con-
centration gradient are regulated by active transport 
[16]. The ATPase enzymes provide the energy neces-
sary to active transport and are especially important 
at sites of oxygen exchange, such as the gills of fish 
and aquatic invertebrates [17]. 
In terrestrial organisms, the mode of action of 
pyrethroids is related to neurotoxicity caused by dis-
ruption of axonal transmission of nerve impulses as 
a result of altering ion permeability of nerve mem-
branes [18]. Exposure of aquatic organisms to py-
rethroids may also secondarily induce an osmotic 
imbalance that contributes to their toxicity. Sim-
ilar effects have been reported in fish in which ex-
posure to pyrethroids has been shown to disrupt re-
spiratory surfaces and ion regulation [17,19,20], 
although direct effects on ion movement have yet to 
be documented. 
The conditions of the topical bioassays used 
in this study are probably not indicative of the re-
sponse to exposure of aqueous solutions of insecti-
cides and are more indicative of toxicodynamic dif-
ferences in penetration, metabolism, and interaction 
with the target site. Aquatic insects have been sug-
gested to possess lower capacities for detoxification 
of lipophilic xenobiotics such as insecticides [21], 
because there would be lower levels of exposure to 
lipophilic compounds in an aquatic environment. 
Reduced levels of xenobiotic-metabolizing enzymes 
in aquatic insects relative to terrestrial insects would 
be in agreement with the general trend of increased 
sensitivity of aquatic insects. It should be noted that 
the trend toward increased susceptibility of aquatic 
insects has some important exceptions, such as the 
high susceptibility of European corn borer to the py-
rethroid insecticides; therefore, broad generaliza-
tions should be avoided. 
Evidence in favor of increased sensitivity of 
aquatic insects to pyrethroid insecticides is fur-
ther seen in the results of static exposure bioassays. 
In these tests, all three pyrethroid insecticides were 
more toxic than chlorpyrifos. These results contrast 
those from topical bioassays in which no consistent 
pattern of toxicity was observed for the four com-
pounds and minor differences in susceptibility be-
tween chlorpyrifos and pyrethroids were observed. 
The differences between the two bioassay techniques 
may reflect differences in the way the insects are im-
pacted by the insecticide. Because pyrethroids pos-
sibly affect ion movement as a result of ATPase in-
hibition and disruption of active transport, exposure 
to the insecticide under aqueous conditions may af-
fect the insects’ ability to maintain ion balance, re-
sulting in increased susceptibility to this class of in-
secticides. Such effects would not be produced by 
the organophosphate insecticides such as chlorpyri-
fos, which are not known to inhibit ATPase or influ-
ence ion regulation. 
Aquatic insects utilize a diversity of mechanisms 
for respiratory gas exchange [22]. Cutaneous respi-
ration is probably important in many aquatic insects. 
An elaboration of large surface areas, the tracheal 
gills, has expanded the surface for cutaneous gas ex-
change in some groups. Many aquatic insects, how-
ever, obtain oxygen in much the same ways as ter-
restrial insects, and many simply come frequently to 
the water surface to replenish a bubble or film of air 
that can be maintained for extended periods below 
the surface. If pyrethroids adversely affect osmoreg-
ulation, different susceptibilities should be detected 
between gill-breathing and air-breathing aquatic in-
sects, as was the case for water scavenger beetles. 
Although these insects spend much of their adult life 
submerged in an aquatic environment, oxygen is de-
rived from the atmosphere; therefore, problems with 
osmoregulation would not be as great as they would 
be for gill-breathing insects, which rely on oxygen 
diffusion across the gill membrane. Differences in 
toxicity may also be influenced by cuticular compo-
sition, as water scavenging beetles are much more 
sclerotized and therefore may avoid toxicity by re-
duced penetration and adsorption of insecticide. 
The results of this study indicate that pyrethroid 
insecticides are inherently more toxic to aquatic or-
ganisms. Differential toxicity may be related to dif-
ferences in toxicodynamics of insecticide poisoning, 
although physiological and biochemical constraints 
associated with an aquatic mode of life may also be 
a factor. An increased understanding of the processes 
that influence susceptibility of aquatic organisms to 
pyrethroid insecticides is critical to the effective and 
safe use of these compounds. 
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